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The Effect of Temperature on Selectivity in the Oscillatory
Mode of the Phenylacetylene Oxidative Carbonylation
Reaction
Julie Parker* and Katarina Novakovic[a]
Reaction temperature plays a major role in product selectivity
in the oscillatory mode of the palladium-catalyzed phenylace-
tylene oxidative carbonylation reaction. At 40 8C, dimethyl (2Z)-
2-phenyl-2-butenedioate is the major product whereas at 0 8C
the major product is 5,5-dimethoxy-3-phenyl-2(5H)-furanone.
The occurrence of oscillations in pH coincides with an increase
in the rate of phenylacetylene consumption and associated
product formation. Experiments were performed isothermally
in a reaction calorimeter to correlate reactant consumption
and product formation with the occurrence of pH oscillations
and the heat released by the reaction. An increase in the size
of the pH drop in a single oscillation correlates with an in-
crease in energy, indicating that this section of a single oscilla-
tion relates to reactant consumption. Based on these observa-
tions, a reaction pathway responsible for product formation is
provided.
Carbonylation reactions are important in synthetic and indus-
trial chemistry as CC-bond-forming reactions that can directly
synthesize carbonyl compounds leading to a variety of prod-
ucts.[1] As the reaction frequently results in several products,
costly separation post-synthesis is needed. Palladium-catalyzed
phenylacetylene oxidative carbonylation (PCPOC) is an extraor-
dinary reaction as it can proceed in an oscillatory mode.
PCPOC was found to oscillate in redox potential, pH and the
rate of CO/O2 gas mixture consumption in a catalytic system
(PdI2, KI, O2, NaOAc in methanol) at 40 8C.
[2] When run in a calo-
rimeter simultaneous oscillations in pH and the rate of heat
evolution (Qr) were captured
[3] with the total energy release
following a staircase function.[3b] The products reported are
shown in Figure 1.[3a]
Fascinatingly, at 40 8C, the occurrence of pH oscillations was
reported to affect product selectivity.[3c] When operating in an
oscillatory pH regime, product formation was suppressed until
oscillations occurred, followed by selective formation of 4.
When operating in a non-oscillatory pH regime, selectivity was
poor with the main products being 1, 2 and 4. For the same
initial conditions, oscillatory and non-oscillatory regimes were
achieved by changing the amount of PdI2 catalyst. The influ-
ence of reaction temperature on the period and amplitude of
pH oscillations during the PCPOC reaction was also captur-
ed.[3d] Isothermal experiments performed over the temperature
range 10–50 8C demonstrated the existence of oscillations in
the range 10–40 8C, with a decrease in reaction temperature
resulting in an increase in the period and amplitude of the pH
oscillations. However, the associated effect of reducing reac-
tion temperature on product formation during the PCPOC re-
action in oscillatory mode was not investigated.
The study presented here investigates the effect of the oscil-
latory mode of the PCPOC reaction on the dynamics of prod-
uct formation over the temperature range of 0–40 8C. The ex-
periments were conducted in a reaction calorimeter under iso-
thermal conditions at 0, 10, 20, 30 and 40 8C while monitoring
pH, reaction heat and the dynamics of reactant consumption
and product formation using the previously published method
(see Supporting Information, SI).[3a,4] Figure 2a–e shows the
product and reactant concentration profiles along with the re-
corded pH at each temperature. A summary of the oscillatory
characteristics is given in Table S1 in the SI.
Reproducibility of the oscillations in pH and key characteris-
tics of the pH profiles at each temperature have been reported
previously.[3d] Although batch oscillators are difficult to align
fully at specific time points, good reproducibility is demon-
Figure 1. Products of the PCPOC reaction: methyl (E)-cinnamate, 1 (MeCin) ;
methyl atropate, 2 (MeAt) ; 5,5-dimethoxy-3-phenyl-2(5H)-furanone, 3 (DMO);
dimethyl (2Z)-2-phenyl-2-butenedioate, 4 (Z-isomer) and dimethyl (2E)-2-
phenyl-2-butenedioate, 5 (E-isomer).[3a]
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strated in the overall pH behavior (see SI, Figures S1–S4). Long
lasting pH oscillations without further addition of substrate are
noted in Figure 2: a feature exclusive to this oscillatory system.
The products detected at all temperatures were: DMO, 3; Z-
isomer, 4 and E-isomer, 5 (Figure 1).[3a] Small amounts of MeAt,
2, were detected at 40 8C while MeCin, 1, was not detected.
Figure 2 and Table S1 (SI) show that the period and ampli-
tude of the pH oscillations increase as temperature decreases,
in agreement with previous studies at 10–40 8C.[3d] The trend
continues further to 0 8C. The duration of oscillations at 0–
30 8C correlates with reaction temperature, with the shortest
duration oscillations occurring at 30 8C. The duration of oscilla-
tions at 40 8C is longer than expected and significantly longer
than that reported earlier for this reaction temperature:
4389 min here compared to a maximum of 760 min previous-
ly.[3c] The oscillations at 40 8C were also much smaller in ampli-
Figure 2. pH[4] and concentrations of phenylacetylene (PhAc) and products during the PCPOC reaction: a) 0 8C; b) 10 8C; c) 20 8C; d) 30 8C; e) 40 8C.
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tude than previously reported which is why they lasted lon-
ger.[3b–d] At all temperatures, the rate of PhAc consumption and
product formation accelerated with the occurrence of oscilla-
tions. A comparison of reactant conversion and the formation
of individual products is given in Figure 3a–d.
From Figure 3 the conversion of PhAc to products recorded
at 0–20 8C follows kinetic laws: conversions increase as the
temperature increases. This is less apparent at 30 8C and is not
followed at 40 8C, suggesting thermodynamic reaction control.
The carbonylation of PhAc has been shown to result in the for-
mation of 4 as the major product at temperatures of 25–80 8C
under a pressurized atmosphere containing CO and air al-
though no mention is made of whether the reaction was con-
ducted in an oscillatory mode.[1c] We found that, in oscillatory
mode, the major product depends on the reaction tempera-
ture. As temperature increases, formation of 4 increases, while
at lower temperatures the formation of 3 is favored with 3
being the major product at 0 and 10 8C. The ratio, r, of 3 and 4
remains constant during the reaction (Figure 4a) and decreases
with increasing temperature. This suggests the activation ener-
gies of the two pathways leading to formation of these two
products differ, resulting in reaction temperature dictating
which process will dominate, kinetically or thermodynamically
controlled.[5] Formation of 3 is the faster reaction, that is, under
kinetic control, and dominates at lower temperatures whilst 4
is the more thermodynamically stable product (i.e. under ther-
modynamic control) and dominates at higher temperatures.
Figure 4b shows the ratio of 5 and 4 at 0–20 8C is similar and
slightly higher than that at 30 and 40 8C once appreciable
amounts of both isomers are formed suggesting their forma-
tion follows a related reaction pathway.
The lengthy experiments incurred evaporative loss of solvent
affecting the accuracy of measurements and making it chal-
Figure 3. PhAc conversion and product concentrations during the PCPOC reaction at temperatures of 0–40 8C: a) PhAc; b) 5 ; c) 4 ; d) 3.
Figure 4. Product ratios during the oscillatory PCPOC reaction at 0–40 8C: a)
3/4 ; b) 5/4.
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lenging to capture trends in energy release for the full dura-
tion of the experiments. This particularly affected the run at
40 8C where methanol was added regularly to compensate for
this loss. In addition, at 40 8C the period and amplitude of os-
cillations was very small reflecting small energy changes which
are difficult to measure accurately. Moreover, reducing the re-
action temperature slows down the rate of the reaction lead-
ing to a corresponding reduction in the rate at which heat is
produced. Thus, it was only possible to observe the energy re-
lease profile over a large section of the reaction at 30 8C
(Figure 5). Figure 5a shows heater power directly correlates
with the pH oscillations. As a result, the heat the reaction pro-
duces (Qr) is released in pulses, causing the total energy re-
lease to increase stepwise (Figure 5b–d).
Figure 5. Release of energy in the PCPOC reaction at 30 8C: a) oscillations in heater power in-phase with pH oscillations; b) stepwise release of energy during
pH oscillations; c) amplitude of pH and Qr oscillations increases simultaneously and pH is correlated with energy release; d) pH drop at 2910 min is associated
with a larger step increase in energy.
Figure 6. Stepwise release of energy during the PCPOC reaction at a) 0 8C, b) 10 8C, c) 20 8C and d) 40 8C.
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Closer examination of proximate oscillations at 30 8C shows
that the amount of energy released increases as the size of the
pH drop increases (Figure 5c). Figures 5c and 5d show the
large drop in pH at approximately 2910 min is accompanied
by a release of 0.7 kJ of energy compared to the 0.3 kJ of
energy released during the previous and subsequent oscilla-
tions. The stepwise release of energy that occurs at 30 8C is
also evident at 0, 10, 20, and 40 8C when shorter sections of
the reaction are examined, verifying the relationship between
changes in pH and energy release (Figure 6a–d). It can be con-
cluded that the section of a single oscillation when the pH
drops relates to reactant consumption inducing energy release.
This accelerated pH fall is therefore associated with the accel-
eration in reaction rate and consequently product formation.
A number of mechanisms for palladium-catalyzed carbonyla-
tion of alkynes have been proposed.[1c,2,6] Combined with the
observations in this study, a reaction pathway that can explain
the products detected under the reaction conditions described
here is given in Scheme 1.
KI and PdI2 react to form K2PdI4 which then goes on to react
with methanol and CO to form I3PdCOOCH3 and HI.
[1c,6b] This is
supported by experiments which confirm a drop in pH occurs
when PdI2, KI and methanol are purged with CO indicating the
formation of HI.[7] The next stage is the insertion of phenyl-
Scheme 1. Reaction pathway.
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acetylene into the PdC bond in I3PdCOOCH3.[1c,6b] Depending
on the orientation of the PhAc insertion this could lead to
either product 1 or 2. This is supported by the detection of 2
in this study at 40 8C and 1 in previous studies, although in
trace amounts.[8] In previous studies 1 appeared to behave as
an intermediate, being produced and consumed. However,
subsequent experiments in which 1 was used as the starting
material instead of PhAc failed to produce the diester products
indicating that 1 is not a reaction intermediate.[8] As only trace
levels of 2 were detected in this study at 40 8C it suggests that
monoester formation under these conditions is unfavorable. As
the major products of this reaction are the diester products,
the reaction of I3Pd(H)C=C(Ph)COOCH3 with further CO and
MeOH is required. This reaction occurs with the release of HI
which is supported by the observed drop in pH and associated
energy pulse that occurs within each pH oscillation. This
second reaction with CO and MeOH results in 2 isomeric inter-
mediates which produce 4 and 5 with the release of Pd0 and
I . The palladium is then recycled reforming [PdI4]
2 and con-
suming HI in the process.[9] This is borne out by the observa-
tions of oscillations in turbidity which have previously been re-
ported for this system.[4] The isomeric intermediate leading to
4 is able to undergo a cyclisation process which ultimately re-
sults in the formation of 3 accompanied by the release of Pd0
and I .[1c, 6b]
In conclusion, this study has shown that reaction tempera-
ture can be used to tune selectivity of the PCPOC reaction
when operated in oscillatory mode. Under otherwise the same
conditions, at 0 8C 3 is the major product while at 40 8C the
major product is 4. The stepwise release of energy that occurs
during the reaction has been shown to correlate with the pH
fall within each oscillation. A plausible reaction pathway ex-
plaining the observed product distribution has been given.
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The Effect of Temperature on
Selectivity in the Oscillatory Mode of
the Phenylacetylene Oxidative
Carbonylation Reaction
Temperature effects: Under mild condi-
tions (0–40 8C, 1 atm) and in oscillatory
pH mode, the selectivity of products
formed in the phenylacetylene oxidative
carbonylation reaction changes with
temperature. By conducting experi-
ments in a reaction calorimeter, oscilla-
tions in pH are related to pulsatile heat
released by the reaction. A section of
a single pH oscillation linked with each
heat pulse is identified and a plausible
reaction pathway is given.
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